Avo1 and a C-terminal region of Ypk2. Ypk2 334-677 , a truncated form of Ypk2 containing the Avo1-interacting region, was able to interfere with Avo1-Ypk2 interaction in vitro. Overexpressing Ypk2 in yeast cells resulted in a perturbation of TORC2 functions, causing defective cell wall integrity, aberrant actin organization, and diminished TORC2-dependent Ypk2 phosphorylation evidenced by the loss of an electrophoretic mobility shift. Together, our data support the conclusion that the direct Avo1-Ypk2 interaction is crucial for TORC2 signaling to the downstream Ypk2 pathway.
The target of rapamycin (TOR) protein, a conserved Ser/Thr protein kinase in diverse species, serves as a pivotal regulator of cell growth in response to nutrients, growth factors, the energy status of the cell, and the environmental stress (1, 2) . Dysfunction of the TOR signaling pathway can result in human diseases, including obesity, diabetes, and cancer (2, 3) . TOR exerts its functions mainly from two distinct multi-protein complexes, i.e., TOR complex 1 (TORC1) and TORC2, of which the components and functions are also well-conserved (4) (5) (6) (7) (8) (9) (10) . In Saccharomyces cerevisiae, there exist two TOR proteins (Tor1 and Tor2) (11) and either one can complex with Kog1 and Lst8 to form the rapamycin-sensitive TORC1, serving to modulate diverse growth/proliferation-related cellular processes such as ribosome biogenesis and translation, transcription, cell cycle regulation, and autophagy (12) (13) (14) (15) . Tor2 but not Tor1 forms TORC2 together with the TORC-common component Lst8, two essential proteins Avo1 and Avo3, and two non-essential proteins Avo2 and Bit61 (5, 16) . The function of TORC2 in the budding yeast is rapamycin-insensitive and has been linked to the regulation of actin organization, cell wall integrity and sphingolipid metabolism (5, 17, 18) . The highly conserved components of TORCs are reported to participate in regulating TOR functions. For example, Lst8 is important for the kinase activity of TORCs, while the TORC2-specific proteins Avo1 and Avo3 maintain the complex integrity (19, 20) . However, the roles of specific TORC components in regulating the downstream signaling remain largely unknown.
The distinctive functions of TORCs may be attributed to the fact that each complex has its own specific substrates and downstream signaling effectors. Well-characterized mammalian TORC1 substrates include eIF4E-binding protein 1 (4E-BP1) and S6 kinase (S6K); S6K is a member of the AGC (cAMP-dependent, cGMP-dependent and PKC) protein kinase family (21) . Sch9, a S6K homolog in yeast, is also directly phosphorylated and activated by TORC1 (22) . To date, most of the known TORC2 substrates are AGC kinases, including the mammalian Akt, SGK, PKC, and their counterparts in other organisms (23) (24) (25) (26) . Although the substrate specificity of TORCs is presumably determined by the subunit composition of each complex, the underlying molecular interactions await further elucidation.
In S. cerevisiae, one of the identified TORC2 substrates is yeast protein kinase 2 (Ypk2), an AGC kinase highly homologous to mammalian SGK and Akt (27, 28) . TORC2 phosphorylates Ypk2 at Ser 641 in the turn motif and Thr 659 in the hydrophobic motif; both sites are located in a region C-terminal to the kinase domain of Ypk2 (27) . It is believed that the TORC2-mediated phosphorylation of the C-terminal tail relieves Ypk2 from the auto-inhibition by its own N-terminal regulatory region, allowing phosphorylation of the activation loop by PDK1-like kinases Pkh1 and Pkh2 and the full activation of Ypk2 (29) . Other TORC2 substrates found in yeast are Slm1 and Slm2; these two very similar proteins can bind to phosphatidylinositol-4,5-bisphosphate and are known to be involved in the regulation of actin organization (30) . However, Ypk2 appears to mediate most of the TORC2 functions, including the regulation of actin rearrangement and ceramide biosynthesis (17, 27) . The evidence for Ypk2 being the major TORC2 downstream effector is the observation that constitutively active Ypk2 mutants suppress phenotypes of tor2 mutants (27) .
In this study, to further understand the function of individual TORC2 components in mediating downstream signaling, we investigated the molecular interactions involved in the TORC2-mediated Ypk2 regulation. We found Avo3 essential for the TORC2-Ypk2 interaction in yeast cells, likely because it serves to maintain the integrity of TORC2 (20) . We identified Avo1 as a direct binding partner of Ypk2. The interaction regions were mapped to an internal region (aa 600-840) of Avo1, and the N-terminal 99 aa as well as a C-terminal region (aa 467-677) of Ypk2. In the wild-type background, overexpression of Ypk2 , a truncated mutant able to interfere with the interaction between wild-type Ypk2 and Avo1, resulted in phenotypes reminiscent of TORC2 mutants. Taken together, our data suggest that the direct interaction between Avo1 and Ypk2 mediates the coupling of TORC2 to the downstream Ypk2 signaling pathway.
EXPERIMENTAL PROCEDURES
Media and culture conditions -Yeast cells were cultured at 27 o C in YPD (1% yeast extract, 2% peptone, and 2% glucose) or synthetic complete medium (0.17% yeast nitrogen base without amino acids, 0.5% ammonium sulfate, 2% glucose, and appropriate amino acids drop-out mix) for plasmid maintenance. For galactose induction, overnight yeast cultures in a medium containing 2% raffinose were diluted 1:100 into fresh medium and further grown for 4 h before the addition of galactose to a final concentration of 3%; cells were harvested after 3 h of induction. Strains and plasmids -Yeast strains and plasmids used in this study are listed in Supplemental  Tables 1 and 2 , respectively. A chromosome allele expressing Ypk2-Myc was engineered by PCR-based gene tagging (31) . Primers Ypk2-TAG-F2  (5'-ACAGTTGGGTGATTCTCCTTCGCAGGGG  AGAAGCATTAGTCGGATCCCCGGGTTAATT  AA-3') and Ypk2-TAG-R1 (5'-AAATTCCGTCCGGCTCGGCTCGGCTTGC TTCGGCTTGCTTGAATTCGAGCTCGTTTAA AC-3') were used to amplify a cassette containing multiple copies of the Myc epitope and the HIS3 selection marker from pFA6a-13Myc-His3MX5 (31) . For expressing a constitutively active form of Ypk2, primers Ypk2-S1 (5'-AAAGAGCTCGGAACGATGGAGCAACCA  GTG-3') and Ypk2-A1 (5'-AAAGAGCTCGGTATAAGCGTCCGTCCTT C-3') were used to amplify the cDNA fragment encoding for aa 224-677 of Ypk2 and the PCR product was subcloned into pRS424 (32) . To express GST-tagged full-length and fragments of Ypk2 in yeast cells, plasmids pHC2-9 were constructed by inserting various YPK2 fragments into pGAL1-GST-URA3. For expressing a kinase-dead version of the Ypk2 224-677 fragment, primers Ypk2-K373A-S1 (5'-GATTTACGCGTTGGCGGCTCTGAGAAA AG-3') and Ypk2-K373A-A1 (5'-CTTTTCTCAGAGCCGCCAACGCGTAAAT C-3') were used in the PCR-based site-directed mutagenesis on pHC7. To express GST-Ypk2 and MBP-Ypk2 fusion proteins in E. coli, pHC2 was digested with BamHI and the YPK2 fragment was subcloned into pGEX2T (Amersham) and pMAL-C2 (New England Biolabs), respectively. For in vitro binding assays, variant forms of AVO1 were amplified from yeast genomic DNA and subcloned into yTA (Yeastern). Similarly, full-length LST8 was subcloned into pcDNA3.1 (Invitrogen) and AVO3 was subcloned into pSG5 (Stratagene). For yeast two-hybrid assays, different YPK2 fragments were obtained from plasmids pHC2-9 by BamHI digestion and subcloned into pGBKT7 (Clontech), while a PCR fragment encoding aa 600-840 of Avo1 was subcloned into pACT2 (Clontech). Spot assay for yeast growth -About 10 7 (0.5 OD 600 ) cells from 27 o C overnight cultures were used to make 10-fold serial dilutions over a 10000-fold range. Aliquots (5-μl) of each dilution were spotted onto appropriate plates and incubated at indicated temperatures until colonies formed. Trypan blue assay -This assay for cell wall integrity was done as described (18) . Briefly, overnight cultures were diluted to an OD 600 of 0.15 and incubated at 27 o C for 3 h. Each culture was then divided into two aliquots, one shifted to 37 o C while the other kept at 27 o C, and further incubated for 6 h. Cells were harvested, washed in distilled water, and stained with 0.05% trypan blue for 1 h. At least 200 cells from each sample were examined under the microscope. Actin staining -Overnight cultures were diluted to an OD 600 of 0.15, grown at 27 o C for 3 h, and subsequently shifted to 37 o C for 3 h. Harvested cells were fixed in 4% formaldehyde at RT for 1 h. Fixed cells were washed twice and resuspended in PBS; Rhodamine-Phalloidin (Sigma) and Triton X-100 were added to the suspensions to 0.66 μM and 0.02%, respectively, and cells were stained at RT for 1.5 h. Harvested cells were washed four times in PBS, and resuspended in the mounting solution. Actin organization and cell morphology were examined using fluorescence and differential interference contrast microscopy. At least 200 cells from each sample were examined. At least three independent experiments were done. GST pull-down assay -To examine the interaction of TORC2 components with Ypk2 in yeast cells, GST-and GST-Ypk2-expressing plasmids were transformed into yeast strains carrying different HA-or Myc-epitope-tagged TORC2 components respectively. Cultures of transformants were subjected to galactose induction for 4 h. Harvested cells were lysed by vortexing together with glass beads in a lysis buffer containing 1X PBS, 10% glycerol, 0.5% Tween-20, 10 mM NaF, 10 mM NaN 3 , 10 mM sodium pyrophosphate 10 mM ρ-nitrophenylphosphate, 10 mM β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor cocktail (Millipore). Crude extracts were centrifuged at 4 o C to remove cell debris. Twenty microliters of glutathione sepharose 4B beads (GE Healthcare) were added into each 10-mg lysate sample and incubated at 4 o C for 1 h. Beads were collected, washed five times in the wash buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA and 1% Triton X-100), and resuspended in 50 μl of sample buffer. Pull-down proteins were subjected to SDS-PAGE and Western analysis using anti-HA (Covance) or anti-Myc (LTK) antibodies. In vitro binding assays -GST and GST-Ypk2 proteins were expressed in E. coli (BL21) and purified using glutathione sepharose 4B beads. Different TORC2 components were transcribed and translated in vitro using the TNT T7 quick system (Promega). Equal amounts of individual 35 S-labeled TORC2 component translated in vitro were incubated with beads-bound GST or GST-Ypk2 for 2 h at 4 o C. After centrifugation, beads-bound proteins were washed five times in the washing buffer, resuspended in 1X sample buffer, and subjected to SDS-PAGE and autography. The amounts of each 35 S-labeled protein in GST and GST-YPK2 pull-down samples were compared. To test the Ypk2 334-667 fragment for competition with the full-length Ypk2 in Avo1 binding, MBP and MBP-Ypk2 were expressed in E. coli and pulled-down using amylose resin. 35 As studies have implicated Ypk2 in the maintenance of cell wall integrity and actin organization (27, 29) , we investigated the effects of active Ypk2 on the cell wall and actin phenotypes of avo3 ts mutants. Many mutants, including the avo3 ts mutants, which are defective in the cell wall integrity display caffeine sensitivity (18, 34 (Fig. 1D) . Together, our data demonstrated that the constitutively active form of Ypk2 could rescue multiple phenotypes resulting from defective TORC2 functions in the avo3 ts mutants, confirming Ypk2 as the major TORC2 effector.
Ypk2 physically associates with TORC2 and directly binds to Avo1 -To investigate the mechanism of TORC2 signaling to Ypk2, we examined whether Ypk2 physically associates with TORC2. We expressed GST-Ypk2 in wild-type yeast strains with individual epitope-tagged TORC2 components (see Supplemental Table S1 ) and performed GST pull-down assays to assess the TORC2-Ypk2 interaction. The results demonstrated that GST-Ypk2, but not GST, was able to pull down major TORC2 components (Fig.  2) , indicating that Ypk2 physically interacts with TORC2 in yeast cells.
We next investigated which TORC2 component is required for the interaction of Ypk2 with TORC2. Two of the TORC2 components, i.e., Avo2 and Bit61, are not essential for yeast cell growth; therefore we were able to compare the TORC2-Ypk2 interaction in the presence or absence of these two components. The results showed that similar amounts of Tor2 were pulled down with GST-Ypk2 in wild-type and avo2Δbit61Δ yeast cells (Fig. 3A) , suggesting that neither Avo2 nor Bit61 was required for the TORC2-Ypk2 interaction. As other TORC2 components, including Avo1, Avo3 and Lst8, are essential for yeast cell growth and deletion strains could not be generated, we prepared 35 S-labeled proteins by in vitro transcription and translation, and employed in vitro binding assays to test for direct interaction of these TORC2 components with recombinant GST-Ypk2 from E. coli. We found that, compared to the GST control, GST-Ypk2 specifically pulled down 35 S-labeled Avo1, but not Avo3 or Lst8 (Fig. 3B ), demonstrating that Ypk2 directly binds to Avo1 in vitro. Taken together, our data suggest that Ypk2 is coupled to TORC2 through a direct physical interaction with Avo1.
Avo1 and Avo3 are important for the TORC2-Ypk2 interaction in cells -We further investigated whether Avo1 is required for TORC2-Ypk2 coupling in yeast cells. As AVO1 is an essential gene and conditional avo1 mutants were not available, we took advantage of the avo3 ts mutants we previously generated to address this issue. Avo1 and Avo3 bind cooperatively to Tor2 and serve a scaffold-like function (19) . In the avo3 ts mutants, the composition of TORC2 is greatly altered and the Tor2-Avo1 interaction is markedly decreased at both permissive and non-permissive temperatures (20) . We figured that if Ypk2 associates with TORC2 through Avo1, then the interaction between Ypk2 and Tor2 would be affected in avo3 ts cells. Hence, we examined the interaction by GST pull-down assays in yeast strains expressing GST or GST-Ypk2 and HA-Tor2.
It should be noted that the addition of tri-HA tag at the N-terminus of Tor2 neither affects the TORC2 complex integrity nor interferes with its kinase activity (19, 27, 35) . The GST pull-down results indeed showed a decrease in the Tor2-Ypk2 interaction in both avo3 ts strains in comparison with the wild type (Fig. 4A) . Expressing AVO3 could restore the Tor2-Ypk2 interaction in avo3 ts mutants to wild-type-like levels (Fig. 4B) , suggesting that the intact function of Avo3 is required for the optimal TORC2-Ypk2 interaction. Notably, there was no significant change in the Avo1-Ypk2 interaction in avo3 ts cells when compared to wild-type cells (Fig. 4C) . These data are consistent with a scenario in which Ypk2 directly binds to Avo1 and thereby associates with TORC2, while Avo3 plays a scaffolding function and stabilizes the TORC2-Ypk2 interaction by maintaining Avo1 in TORC2.
AVO1 and AVO2 are multicopy suppressors of avo3 ts mutants (18); we examined the effect of expressing these suppressors on the Tor2-Ypk2 interaction. HA-Tor2-expressing avo3 ts strains were transformed with a plasmid overexpressing Avo1, Avo2 or Avo3, and the interaction of Tor2 with Ypk2 was analyzed at a non-permissive temperature by GST pull-down assays. The results showed that overexpression of AVO3 or AVO1, but not AVO2, could restore the Tor2-Ypk2 interaction in both avo3 ts mutants at 37 o C (Fig. 4D ). These observations further support that both Avo1 and Avo3 are important for the TORC2-Ypk2 interaction in yeast cells.
Avo1 and Avo3 play important roles in the TORC2-dependent post-translational modification of Ypk2 -The contribution of Avo1 and Avo3 to TORC2-Ypk2 signaling was next examined. It has been shown that Ypk2 can be phosphorylated by TORC2 in vitro (27) . The phosphorylation status of Ypk2 can be monitored by its electrophoretic mobility (17) . In the Western analysis on lysates prepared from Myc-tagged Ypk2-expressing wild-type yeast cells cultured at 37 o C and treated with Zymolyase, we detected a band shift by anti-Myc antibodies; the signal of this up-shifted band of Ypk2-Myc was greatly reduced in lysates of avo3 ts cells (Fig. 5A ). The band shift disappeared if we treated the wild-type lysates with alkaline phosphatase prior to the Western analysis (Fig. 5B) , suggesting that the electrophoretic mobility shift was associated with phosphorylation. These observations together suggest that the up-shifted band is a result of Avo3-dependent phosphorylation of Ypk2.
We examined the effect of overexpressing AVO1 or AVO2 on the phosphorylation of Ypk2 in avo3 ts mutants. Consistent with its lack of effects on the Tor2-Ypk2 interaction (Fig. 4D) , the expression of AVO2 in neither avo3 ts strains restored the band shift of Ypk2-Myc (Fig. 5C) . Intriguingly, although not as robustly as AVO3 overexpression did, overexpression of AVO1 recovered the Ypk2-Myc band shift in avo3-1 ts , but not in avo3-2 ts cells (Fig. 5C ). The results are in agreement with the finding that AVO1 is an avo3-1 ts -specific multicopy suppressor (18) . Considering that AVO1 overexpression could rescue the TORC2-Ypk2 interaction in both avo3 ts mutants (Fig. 4D) , the above observations seem to suggest that, in addition to Avo1, the Avo3 function is also required for the optimal TORC2-dependent post-translational modification of Ypk2.
Mapping of the interaction regions between Ypk2 and Avo1 -To identify the regions in the Avo1 protein that mediate the interaction with Ypk2, lysates prepared from yeast strains expressing different deletion variants of Avo1 (Fig.  6A) were mixed with recombinant GST-Ypk2 from E. coli and subjected to in vitro pull-down assays. Among the C-terminally truncated Avo1 variants tested, Avo1
1-840 still displayed interaction with Ypk2 in the pull-down assay (Fig. 6A) , indicating that the Raf-like Ras-binding and pleckstrin homology domains of Avo1 are dispensable for the interaction with Ypk2. On the other hand, analysis of Avo1 variants with N-terminal truncations showed that Avo1 600-1176 could still be pulled-down by GST-Ypk2. Together, the results suggest that the region spanning aa 600 to 840 of Avo1 may serve to interact with Ypk2. We next tested this Avo1 region for Ypk2 interaction using the yeast two-hybrid analysis. A partial AVO1 cDNA fragment encoding this aa 600-840 region and a full-length YPK2 cDNA fragment were subcloned into the prey plasmid pACT2 and the bait plasmid pGBKT7, respectively, and transformed into the AH109 yeast strain to test for reporter gene expression. We found that Avo1 600-840 interacted with Ypk2 in the two-hybrid assay (Fig. 6B) . We then tested a series of N-terminal and C-terminal truncation mutants of Ypk2 for interaction with Avo1 600-840 (Fig. 6C) . Among the N-terminally truncated Ypk2 baits, we found that Ypk2 100-677 , compared to the full-length Ypk2 , resulted in less growth on the reporter plate, suggesting that a region within the first 99 aa of Ypk2 may contribute to the Ypk2-Avo1 interaction. The C-terminal truncation mutants Ypk2 and Ypk2 showed no detectable growth on the reporter plate, indicating that the region C-terminal to aa 466 of Ypk2 is essential for interacting with Avo1. The AGC-kinase C-terminal domain, which contains the TORC2 substrate sites S641 and T659 (27) , may also contribute to the interaction with Avo1, as a bait (Ypk2 1-618 ) carrying deletion of this domain showed reduced reporter expression compared to the full-length Ypk2.
Overexpression of a C-terminal fragment (aa 334-677) of Ypk2 perturbs TORC2-Ypk2 signaling -We next sought to investigate if the direct interaction between Avo1 and Ypk2 is essential for TORC2 signaling to Ypk2. Towards this end, we tested if overexpression of any of the Avo1-interacting Ypk2 fragments could interfere with the endogenous Avo1-Ypk2 interaction and result in a perturbation of TORC2 to Ypk2 signaling. We transformed plasmids for GAL promoter-driven overexpression of different Avo1-interacting Ypk2 fragments into the wild-type strain and checked for dominant-negative effects under galactose induction. Two fragments, Ypk2 and Ypk2 , were found to affect the growth of wild-type cells in the spot assays (Fig. 7A) . Ypk2 224-677 overexpression in the wild-type cells inhibited growth at 27 o C but not at 37 o C; other TORC2-regulated functions such as cell wall integrity and actin organization were not affected (Fig. 7D&E) . Given these results, we figured it unlikely that Ypk2 224-677 caused a perturbation of TORC2 downstream coupling. As Ypk2 224-677 has been shown to be a constitutively active form (27), we suspected that its hyperactivity at 27 o C causes a toxic effect and thus inhibits growth. We prepared a kinase-dead version of the Ypk2 ) by engineering a K373A point mutation (27) . When checked in the avo3-2 ts background, Ypk2 224-677KD overexpression did not rescue the cell growth at 37 o C as Ypk2 224-677 did (Fig. 7B) , confirming its loss of function. When overexpressed in the wild-type cells, Ypk2 exerted no detrimental effects on cell growth at 27 o C (Fig. 7C) , suggesting that the toxicity of Ypk2 224-677 at 27 o C resulted from the hyperactivity of Ypk2 downstream signaling. Taking these data together, we did not consider Ypk2 224-677 a dominant-negative fragment we were looking for. On the other hand, overexpression of Ypk2 334-677 in the wild-type background affected cell growth at both 27 o C and 37 o C (Fig. 7A) , caused a cell wall integrity defect and dramatically increased the number of stained cells in the trypan blue assay (Fig. 7D) , and perturbed the actin organization (Fig. 7E) . In the avo3-2 ts background, overexpression of Ypk2 334-677 failed to rescue the cell growth at 37 o C (Fig. 7B) , suggesting that it may be an inactive form. Among the fragments examined, Ypk2 334-677 appeared to interact best with Avo1 (Fig. 6C) (Fig. 7H) . Taken together, our data are consistent with the conclusion that the Avo1-Ypk2 interaction plays an important role in mediating TORC2 signaling to the downstream Ypk2 pathway.
DISCUSSION
TOR responds to diverse environmental cues and regulates a myriad of cellular functions. Although significant progress has been made over the years in understanding the very complex cellular TOR signaling network, we still know little about how different signal inputs are integrated by TOR and how a cell engages specific downstream pathways to differentially respond to various signals. As TOR is the catalytic core of at least two functionally distinct multi-protein complexes, the subunit composition of each complex must somehow assist in specifying target effectors and regulating downstream signaling. Consistent with this notion, it has been reported that the mammalian TORC1 component Raptor directly binds to the TOR signaling (TOS) motifs on the mTORC1 substrates S6K and 4EBP1, thus linking them to mTOR and facilitating their phosphorylation (24,36,37). Likewise, Mip1, a TORC1-specific protein in S. pombe, binds to the RNA-binding protein Mei2p and exerts a TORC1-mediated function (38) . The molecular functions of TORC2 components in mediating downstream signaling are only beginning to be discovered. In this study, we provide evidence supporting that TORC2 couples to the downstream signaling pathway through a direct physical interaction between its component Avo1 and its downstream substrate Ypk2. Remarkably, this Avo1-mediated recruitment of TORC2 downstream effectors appears to be a conserved mechanism. Two very recent reports published during the preparation of this manuscript also indicate that mSIN1, the mammalian ortholog of Avo1, directly interacts with mTORC2 substrates SGK1 and PKCε (39, 40) . The mSIN1-SGK1 interaction is essential for the phosphorylation of SGK1 hydrophobic motif and the SGK1-regulated activation of epithelial sodium channel (39) .
Direct interaction with mSIN1 is also important for PKC to be phosphorylated by mTORC2 (40) . Interestingly, Avo1 appears to use different regions for binding SGK1 and PKC; the SGK1-interacting region is mapped to an N-terminal fragment (aa 1-166) while the region important for PKC interaction is a highly conserved central region termed the CRIM domain. Whether SGK1 and PKC can simultaneously bind to mSIN1 remains to be determined. Although the yeast Ypk2 protein is most homologous to SGK (28), the aa 600-840 region which we have mapped in Avo1 for Ypk2 interaction more resembles the PKC-interacting CRIM domain in mSIN1. The mSIN1 mutant with deletion of a 14-aa highly conserved peptide (EDDGEVDTDFPPLD) within the CRIM domain is able to exert a dominant-negative effect on PKC phosphorylation (40) . It is of interest to see if deletion of the corresponding peptide (DEDGEPFEDNFGKLD) in yeast Avo1 can also disrupt the TORC2-mediated Ypk2 phosphorylation.
There are multiple members of the AGC kinase family known to be substrates of mTORC2 (24), and how individual mTORC2 components facilitates selective coupling to these substrates is not completely elucidated. The study by Lu et al. suggests that, at least in kidney epithelial cells, mSIN1 selectively recruits SGK1 but not Akt to mTORC2 for phosphorylation (39) . The mSIN1/Q68H mutant, which can assemble into mTORC2 yet cannot interact with SGK1, exerts a dominant-negative effect on SGK1 phosphorylation and sodium transport via the epithelial sodium channel. However, the Akt binding to mTORC2, Akt phosphorylation, and Akt-dependent glucose uptake are not affected by mSIN1/Q68H. The mTORC2 component responsible for the direct physical interaction with Akt is still not identified. In Saccharomyces cerevisiae, TORC2 phosphorylates two phospholipid-binding proteins Slm1 and Slm2 in addition to Ypk2 (30) . This study has identified Avo1 as the direct Ypk2-binding partner in TORC2; Avo2 and Bit61 are dispensable for the recruitment of Ypk2 to TORC2 (Fig. 3A) , and no direct physical interaction of Ypk2 with Avo3 or Lst8 can be detected (Fig. 3B) . On the other hand, Slm proteins have not been reported to bind to Avo1, whereas in vitro binding assays have demonstrated the direct interaction between Avo2 and Slm proteins (30) . Our previous results have suggested the existence of two separate TORC2 downstream signaling mechanisms, one being Avo1-dependent and the other mediated by Avo2 and Slm proteins (18, 20) . Taken together, the existing data are consistent with the hypothesis that the Avo1-mediated recruitment to TORC2 is specific for Ypk2, while the coupling of TORC2 to the downstream Slm1/Slm2-mediated pathway might rely on the physical interaction between Avo2 and Slm proteins. Further experimental evidence is warranted to support this notion.
Our co-immunoprecipitation (Fig. 2) and in vitro binding (Fig. 3B ) results indicate that although Avo3 in TORC2 does bind Ypk2, the two proteins do not interact directly. However, the reduced Tor2-Ypk2 interaction (Fig. 4A ) and the loss of phosphorylation-associated electrophoretic mobility shift of Ypk2 (Fig. 5A ) in both avo3 ts mutants suggest an essential role of Avo3 for coupling TORC2 to Ypk2 in cells. These observations could be explained by the defective TORC2 integrity in avo3 ts cells (20) . In this scenario, even though the binding of Ypk2 to Avo1 was not affected in the avo3 ts mutants (Fig. 4C ), yet the lower amount of Avo1 present in TORC2 (20) would result in less Tor2 being pulled-down with Ypk2 and diminished TORC2-mediated Ypk2 phosphorylation. As expression of AVO3 can restore the TORC2 integrity in avo3 ts cells (20) , the Tor2-Ypk2 interaction and Ypk2 phosphorylation could be recovered (Fig. 4B and  5A ). It is not surprising that overexpressing AVO2 did not recover the physical interaction or signaling between Tor2 and Ypk2 in avo3 ts cells (Fig. 4D and 5C ), since previous studies have shown that AVO2 overexpression cannot rescue the TORC2 integrity in avo3 ts mutants, and Avo2 likely acts as an adaptor for Slm proteins to mediate the Avo1-independent branch of TORC2 downstream signaling (20, 41) . Interestingly, although AVO1 overexpression cannot restore the integrity of TORC2 (20), it could enhance the Tor2-Ypk2 interaction in both avo3 ts cells (Fig.  4D) . It has been suggested that Avo1, like Avo3, can serve a scaffold-like function to maintain the TORC2 structure (19) ; this function may have helped in bringing Ypk2 and Tor2 together in both avo3 ts mutants when AVO1 was overexpressed. However, the TORC2-mediated Ypk2 phosphorylation was only rescued by AVO1 overexpression in avo3-1 ts but not avo3-2 ts cells (Fig. 5C) , which is consistent with AVO1 being an avo3-1 ts -specific suppressor (20) . The failure of AVO1 to rescue Ypk2 phosphorylation in avo3-2 ts cells suggests that the Avo1-Ypk2 interaction is necessary but not sufficient for the TORC2-mediated Ypk2 phosphorylation. The result is in line with the conclusion from previous studies that avo3 -2 ts cells are defective in a TORC2 function that cannot be restored by AVO1 overexpression (18) .
As AVO1 is an essential gene in yeast, and its conditional mutants are not available, we could not test the functional importance of Avo1-Ypk2 interaction in Avo1-deficient cells. We therefore investigated the significance of Avo1-Ypk2 interaction in TORC2 signaling by overexpressing truncation mutants of both proteins in the wild-type background and testing for a dominant-negative effect. Of the Avo1 truncation mutants examined, none was able to cause any perturbation of TORC2 functions when overexpressed in the wild-type cells (Liao and Chen, unpublished data). It is possible that these Avo1 mutants could not compete well with the endogenous Avo1 for Ypk2 interaction due to their relatively weak Ypk2-binding activity (Fig. 6A) . On the other hand, among the Ypk2 truncation mutants tested using yeast two-hybrid assays, Ypk2 334-677 was found to interact significantly better than the full-length Ypk2 did with the fragment of Avo1 mapped important for Ypk2 interaction (Fig. 6C) . When overexpressed in the wild-type cells, Ypk2 334-677 did cause phenotypes similar to mutants with TORC2 dysfunction, including defects in growth, cell wall integrity and actin organization (Fig. 7A,D,E) . This perturbation of TORC2 function by Ypk2 334-677 overexpression is probably not due to an effect on the integrity of TORC2, as the association of Avo1 and Tor2 was similar when either GST or GST-Ypk2 334-677 was expressed (Fig. 7H) . Given that GST-Ypk2 was able to compete with MBP-Ypk2 full-length and inhibit its interaction with Avo1 in the in vitro binding assay (Fig. 7F) , it is most likely that the dominant-negative effect of Ypk2 334-677 was a result of the interference with the endogenous Avo1-Ypk2 interaction and hence the hindrance of TORC2 coupling to the Ypk2 pathway. The loss of TORC2-mediated phosphorylation of the Myc-tagged endogenous Ypk2 (Fig. 7G ) also suggests a defective TORC2-Ypk2 coupling when GST-Ypk2 334-677 was overexpressed. The N-terminal region of Ypk2 has been suggested to be a cis-inhibitory region able to interact with the C-terminal domain containing the turn and hydrophobic motifs and affect Ypk2 phosphorylation (27) . The observation that Ypk2 224-677 and Ypk2 334-677 could interact better than wild-type Ypk2 did with Avo1 (Fig. 6C) may suggest that the N-terminal region also negatively regulates the Avo1-binding of Ypk2. Ypk2 still carries the whole kinase domain as well as the TORC2 and Pkh phosphorylation sites required for the full activation of the wild-type Ypk2, therefore it might not be a kinase-dead form. However, its inability to rescue avo3-2 ts cell growth at 37 o C and its dominant-negative effect on TORC2-Ypk2 signaling and downstream functions suggest that Ypk2 334-677 is a loss-of-function form of Ypk2. Ypk2 334-677 can still interact with Avo1 and thus is presumably able to couple to TORC2 (Fig. 6C) . It remains a formal possibility that Ypk2 334-677 may not assume an appropriate conformation to serve as a substrate for TORC2 and/or Pkh kinases, and consequently cannot be activated in the yeast cells. Another speculated scenario for the loss of function is that maybe Ypk2 334-677 is defective in interacting with Ypk2 downstream targets. To date, Ypk2 substrates or downstream effectors involved in regulating actin organization and/or cell wall integrity have remained elusive. One interesting candidate is a yeast type I myosin protein Myo5, which can be phosphorylated by Ypk2 in vitro (42) and has been implicated in regulating the actin assembly (43) Fig. 1 . Constitutively active Ypk2 rescues phenotypes of avo3 ts mutants. Two avo3 ts mutants carrying the control vector (pRS424), AVO3 (pTSS1) or YPK2 ΔΝ (pHC1) plasmid, respectively, were examined in different assays. A. Temperature sensitivity assay. 10-fold serial dilutions of cell suspensions were spotted on SC-Trp plates and incubated at indicated temperatures until colonies formed. B. Caffeine sensitivity assay. Cell suspensions were spotted on YPD plates or YPD plates containing 8 mM caffeine and incubated at 27 o C until colonies formed. C. Trypan blue assy. Different cultures were diluted to OD 600 = 0.15 and shifted to indicated temperatures for 6 h. Cells were stained with trypan blue and observed under the microscope. Shown are results from three independent experiments. **, P <0.01; *, P<0.05 (Student's t test). D. Actin distribution assay. Log-phase cultures were shifted to 37 o C for 3 h, fixed and stained for F-actin using TRITC-phalloidin. Individual cells were examined by fluorescence and DIC microscopy. Small-budded cells showing four or more actin patches in the mother cells were scored as cells with aberrant actin distribution. Shown are data from three independent experiments. **, P<0.01; *, P<0.05 (Student's t test). Fig. 2 . Ypk2 physically associates with TORC2. The interaction between Ypk2 and each TORC2 component was determined by the GST pull-down experiment. Lysates were prepared from cells expressing GST or GST-Ypk2 along with one specific epitope-tagged TORC2 component and incubated with glutathione sepharose beads. Proteins bound on the beads were separated and detected by Western analysis using anti-HA or anti-Myc antibodies to detect the tagged TORC2 component. GST and GST-Ypk2 in the pull-down samples were visualized by Coomassie Blue staining. Expression levels of the HA-or Myc-tagged TORC2 components in the lysates are shown in the bottom panels. Fig. 3 . Ypk2 directly binds to Avo1. A. Tor2-Ypk2 interaction in the wild-type (WT) or avo2Δbit61Δ background. Lysates from HA-Tor2-expressing yeast cells transformed with a plasmid expressing GST or GST-Ypk2 were subjected to GST pull-down procedures. Pulled-down proteins were separated and detected by Western analysis using anti-HA antibodies for HA-Tor2 and by Coomassie blue staining for GST and GST-Ypk2. Expression levels of HA-Tor2 are shown in the bottom panel. B. In vitro binding assay. 35 S-labeled Avo1, Avo3, and Lst8 were prepared using an in vitro transcription/translation kit, and incubated with glutathione sepharose beads-bound recombinant GST or GST-Ypk2 produced in E. coli. After washes, the bound 35 S-labeled proteins were analyzed by SDS-PAGE and autoradiography; GST fusion proteins were stained with Coomassie blue. Shown in the bottom panels are input 35 S-labeled proteins (one-twentieth of the amount used in pull-down) analyzed by SDS-PAGE and autoradiography. ts cells expressing Ypk2-Myc. Log-phase cultures were shifted to 37 o C for 3 h and treated with Zymolyase for 1 h before lysis. Lysates were subjected to SDS-PAGE and Western analysis for Ypk2-Myc using anti-Myc antibodies. Pgk1 serves as a loading control. B. Lysates from wild-type or avo3 ts cells were subjected to immunoprecipitation with anti-Myc antibodies. Immunoprecipitates were incubated with or without alkaline phosphatase for 1 h and analyzed by Western blotting using anti-Myc antibodies. Ypk2-myc levels in the lysates detected by Western blotting are also shown. C. Two avo3 ts mutants carrying the control vector (V) or a plasmid expressing AVO1, AVO2, or AVO3 were subjected to the same assay as in A. 35 S-labeled Avo1 variants were prepared using an in vitro transcription/translation kit. Equal amounts of each 35 S-labeled Avo1 fragment were incubated with glutathione sepharose beads-bound GST or GST-Ypk2. Pulled-down proteins were analyzed by SDS-PAGE and autoradiography; GST and GST-Ypk2 were visualized by Coomassie blue staining. One-twentieth amount of the input 35 S-labeled proteins used in the pull-down procedures were analyzed by SDS-PAGE and autoradiography and shown in the bottom panels. B. Yeast two-hybrid assay for the interaction between Avo1 600-840 and Ypk2. Ten-fold serial dilutions of yeast suspensions were spotted on plates and incubated at 27 o C until colonies formed. Yeast cells containing both pACT2-and pGBK-T7-derived plasmids can grow on the Leu-and Trp-dropout SC medium (SC-LT). Growth on a reporter medium lacking His and Ade (SC-LTHA) indicates interaction between the two test proteins. C. Yeast two-hybrid assay for the interaction between Avo1 600-840 and different regions of Ypk2. A schematic representation of the tested Ypk2 deletion mutants is shown. KCD, AGC-kinase C-terminal domain. The spot assay was performed as in B. The SC-LTHA reporter plate at the bottom was incubated longer than the upper one to better demonstrate cell growth resulting from the interaction between Avo1 600-840 and 224-667KD is a kinase-dead version of GST-Ypk2 224-667 carrying the K373A point mutation. D-E. Trypan blue and actin distribution assays. Wild-type cells overexpressing different Ypk2 fragments were subjected to the trypan blue assay for cell wall integrity (D) and TRITC-phalloidin cell staining for F-actin distribution (E) as in Fig. 1C and Fig. 1D , respectively. Shown are data from three independent experiments for each assay. **, P<0.01 (Student's t test), comparing full-length Ypk2 1-667 and the Ypk2 fragment. F. In vitro binding competition assay. MBP and MBP-Ypk2 expressed in E. coli were pulled-down using amylose resin. 35 S-labeled Avo1 was prepared by in vitro transcription/translation. Recombinant GST and GST-Ypk2 334-667 were obtained from E. coli following the GST pull-down and glutathione elution procedures. In the assay, equal amounts of 35 S-labeled Avo1 were mixed with resin-bound MBP and MBP-Ypk2, and different doses of recombinant GST proteins were added into the reactions for competition of binding. After centrifugation and washing, resin-bound proteins were analyzed by SDS-PAGE and autoradiography. The amounts of 35 S-labeled Avo1 bound to MBP-Ypk2 in different samples were compared to assess the competition effect of GST-Ypk2 334-667 . G. Ypk2 band shift assay. Log-phase yeast cultures were shifted to a galactose-containing medium and incubated at 37 o C for 3 h for the induction of the GAL promoter-driven overexpression of GST fusion proteins and Ypk2 activation. Lysates prepared after the induction were subjected to SDS-PAGE and Western analysis using anti-Myc antibodies to detect Ypk2-Myc. Actin serves as a loading control. H. Co-immunoprecipitation assay for the Tor2-Avo1 interaction. A wild-type strain engineered to express both HA-Tor2 and Avo1-Myc was transformed with a GST or GST-Ypk2 334-667 -expressing plasmid. Lysates prepared after 6 h of galactose induction were incubated with protein G beads in the absence or presence of anti-Myc antibodies for immunoprecipitation. Proteins in the starting lysates and the immunoprecipitates (IP) were analyzed by SDS-PAGE and Western analysis. Avo3-Myc
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